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We report the synthesis and evidence of graphene fluoride, a two-dimensional wide bandgap 
semiconductor derived from graphene. Graphene fluoride exhibits hexagonal crystalline order and 
strongly insulating behavior with resistance exceeding 10 GQ at room temperature. Electron trans- 
port in graphene fluoride is well described by variable-range hopping in two dimensions due to the 
presence of localized states in the band gap. Graphene obtained through the reduction of graphene 
fluoride is highly conductive, exhibiting a resistivity of less than 100 k^^ at room temperature. Our 
approach provides a new path to reversibly engineer the band structure and conductivity of graphene 
for electronic and optical applications. 
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INTRODUCTION 



Graphene is widely considered a promising material for 
future electronics. The ability to tailor its properties, es- 
pecially the opening of a gap in its band structure, is crit- 
ical to fulfill this potential. Conventional material growth 
techniques, such as doping and alloying are either difficult 
to implement or incompatible with the desire to preserve 
its high electrical conductivity. Current efforts towards 
gapping graphene follow mainly two routes, i.e. quantum 
confinement in nanoribbons [T]-[3] and chemical modifi- 
cation of the graphene plane through oxidation [4]4TQ] 
and hydrogenation pTtflSJ . While considerable progress 
had been made using each approach, challenges remain 
before either can produce high-quality materials suit- 
able for electronics applications. Even graphene nanorib- 
bons made using the state of the art lithographic tools 
or chemical routes show variable width along the same 
ribbon [lH3]. Graphene oxide (GO) produced by the 
widely used Hummer's methods possesses excellent exfo- 
liation, solubility and materials application potentials [U- 
[TOj but is inherently amorphous [14 due to multiple oxy- 
gen bonding configurations. In contrast, a complete fluo- 
rination of graphene can produce a two-dimensional crys- 
tal graphene fluoride, which is predicted to have a band 
gap of ~ 3.5 eV[15 . Along a similar route, a complete hy- 
drogenation of graphene will produce graphane, another 
carbon-based wide bandgap material [11. Wide bandgap 
semiconductors such as GaN and SiC are widely used 
in high-power electronics and light emitting devices [16 . 
Graphene fluoride and graphane, if realized, will be the 
thinnest among this group and may be more readily in- 
tegrated with carbon electronics. Although encouraging 
first steps have been taken, the synthesis of graphane 
remains challenging [12^, T3[. In the literature, fluorine 
chemistry has been used as an effective tool to modify 
the chemical and structural properties of carbon materi- 



als such as graphite, nanotubes and fibers, which led to 
a range of applications such as nanocomposites, gas stor- 
age and catalysis [TT-T9^. The conductivity of fluorinated 
carbon is much less studied. Pristine graphene fluoride 
has not been produced [20]. 

In this work, we synthesize multi-layer graphene flu- 
oride and examine its structural and electronic proper- 
ties. Graphene fluoride possesses hexagonal crystalline 
order with an in-plane lattice that is roughly 4.5% larger 
than that of graphene and exhibits strongly insulating 
behavior with a room temperature resistance in excess 
of 10 Cr^, consistent with a large band gap. Multi-layer 
graphene regenerated through the reduction of graphene 
fluoride exhibits resistivity of less than 100 kl^ at room 
temperature. Our experiments provide a new method to 
reversibly control the band structure of graphene. 



SYNTHESIS AND STRUCTURAL 
CHARACTERIZATIONS 

We follow established methods to synthesize graphite 
fluoride by reacting Highly Ordered Pyrolytic Graphite 
(HOPG) (SPI supplies, ZYA grade) or SP-1 graphite 
(Union Carbide, purity 99.4%, average particle diameter 
10 /i m) with fluorine pT]. Fluorine gas was introduced 
at 115°C initially. The reaction was run for ca. 36 - 48 
hours at 600 °C in 1 atm fluorine. Fig. Ilia) and (b) show 
the optical images of HOPG and SP-1 graphite before 
and after the fluorination. The white color of the fluo- 
rinated compound provides the initial evidence of high- 
degree fluorination pTj. We estimate the ratio of F/C 
to be roughly 0.7 for the fluorinated HOPG by weight 
gain measurements and elemental analyses indicate the 
ratio of F/C to be close to 1 for the fluorinated SP-1 
graphite. Similar to the structure of graphite, graphite 
fluoride consists of layers of graphene fluoride (CF). Each 
carbon atom in graphene fluoride is in a sp^ bonding con- 
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FIG. 1. (Color online) Optical images of HOPG (top) and SP-1 graphite (bottom) before (a) and after (b) fluorination. (c) 
Bright-field TEM image of a thin HOPG fluoride sheet suspended on a grid, (d) Cross-sectional view of a folded corner of a 
suspended HOPG fluoride sheet. The circled area corresponds to an interlayer spacing of 6.4 A. (e) Electron diffraction pattern 
of a suspended HOPG fluoride sheet, (f) Schematics of graphite fluoride, (g) EELS data showing the K-edge of carbon atoms in 
thin sheets of HOPG and fluoride. Inset: The K-edge of fluorine atoms in fluoride. The energy dispersion was 0.2 eV/channel, 
and the absolute energy loss scale was calibrated using the graphitic tt* peak at 285 eV. 
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FIG. 2. (Color online) X-Ray diffraction data of fluori- 
nated SP-1 graphite, reduced SP-1 graphite fluoride, and SP- 
1 graphite. The Miller indices of the diffraction peaks are 
marked in the figure. The dashed line is a guide to the eye. 

figuration. The position of the covalently bonded fluorine 
atom alternates between "up" and "down", resulting in 
the buckling of the in-plane C-C bonds [21]. A shematic 
of the crystal structure of graphite fluoride is given in 
Fig.fllf). To characterize the structure of our fluorinated 



TABLE I. Lattice spacings (in unit of A) in SP-1 graphite, 
fluorinated SP-1 graphite and reduced SP-1 fluoride corre- 
sponding to the diffraction peaks in XRD data. 
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compounds, we exfoliate the fluorinated HOPG crystals 
into thin sheets in the solution of isopropanol using ultra- 
sound sonication and subsequently immobilize the sheets 
onto a Cu grid with a lacey-carbon support. Multi-layer 
graphene samples are made with identical methods and 
used as reference samples. Transmission Electron Micro- 
scope (TEM) measurements are made in a JEOL-2010F 
microscope equiped with a Gatan Enfina TM 1000 Elec- 
tron Energy Loss System (EELS). 

Fig. W[c) shows a bright-field TEM image of a thin 
HOPG fluoride sheet suspended on a grid. In contrast to 
the smooth surface and straight edges of graphene, CF 
sheets show irregular edges and spotted contrast. This 
contrast may be due to thickness, density or composi- 
tion variations. This appearance is consistent with the 
partial fluorination of the HOPG fluoride sample shown 
in the top half of Fig. [lib), where domains of CF^^ with 
different x may coexist [22] . Fig. Illg) plots the EELS 



spectra of the K-edge of carbon atoms in a suspended 
HOPG fluoride sheet, together with that of a graphene 
sheet. The tt* peak corresponds to the excitation of the 
Is electron to the empty tt* orbitals. This peak appears 
prominently in graphene (top trace) but is strongly sup- 
pressed in graphene fluoride (bottom trace), indicating 
the lack of 7r*orbitals. This data supports the formation 
of covalent C-F bonds in our HOPG fluoride samples. 
In Fig.jTJd), we show the cross-sectional view of a folded 
corner of a suspended HOPG fluoride sheet. Parallel lines 
are due to (001) planes of the HOPG fluoride sheet. The 
characteristic inter layer spacing dooi is approximately 6.4 
A(circled area), in good agreement with x-ray diffraction 
(XRD) data shown in Fig. [2] Variations occur, which 
may be due to the partial fluorination and the possible 
existence of intercalated fluorines in this sample [22^. 

In Fig. [1] (e), we show the electron diffraction (ED) 
pattern of a suspended HOPG fluoride sheet. Both the 
first and second order diffraction spots are clearly visible, 
indicating in-plane hexagonal crystalline order. From the 
first order diffraction spots, we find the in-plane lattice 
distance dioo (Fig. [ijf)) of this sheet to be 2.4% larger 
than that of the reference graphene sheets. Such expan- 
sion is expected as C-C bonds in graphene convert from 
sp^ to sp^ configurations in CF[21 . The magnitude of 
the expansion is smaller than determined from XRD data 
shown in Fig. [2J This is also reasonable considering the 
partial fluorination of this sample. 

XRD patterns of the nearly 100% fluorinated SP-1 
graphite powder (bottom of Fig. [lib)) are given in Fig.|2l 
together with that of the SP-1 graphite and the reduced 
SP-1 graphite fluoride powder. The extracted lattice 
spacings are given in Table |lj For fluorinated graphite, 
the interplanar distance of dooi=6.2 A agrees well with 
the TEM image shown in Fig. flld). Its in-plane lattice 
constant duo is 4.5% larger than that of graphite. These 
results are in very good agreement with the literature [23 
and provide strong evidence to the crystalline nature of 
graphene and graphite fluoride. 



TRANSPORT MEASUREMENTS 

Previous density functional theory (DFT) calculations 
show that graphite fluoride possesses a gap of approxi- 
mately 3.5 eV at the F point of its band structure. The 
bands are weakly dispersed in the z direction due to very 
weak interlayer coupling [15 . Our band structure calcu- 
lations of monolayer graphene fluoride confirm this large 
gap, which may further increase when quasi-particle cor- 
rections are included. A large band gap in CF may en- 
able digitial transistor and optical applications currently 
unavailable in prinstine graphene. This aspect of CF 
is hardly explored in the literature. To test its electri- 
cal properties, we obtain multi-layer graphene fluoride 
sheets (6-10 nm) by mechanically exfoliating fluorinated 



HOPG to Si02 substrates and fabricate devices using 
conventional e-beam lithography followed by metal de- 
positions. The metal electrodes consist of 5nm Cr and 
40 nm Au. An optical image of a two-terminal CF de- 
vice is given in the inset of Fig. IsFa). Transport mea- 
surements are carried out in a pump He^ cryostat with 
a variable temperature range of 1.4-300 K. Two-terminal 
conductance is obtained by applying a constant dc bias 
Vsd (Keithley 2400 or Yokogawa 7651) across the sample 
and measuring the resulting current Igd using a current 
preamp (DL1211). Fig. [3]; a) shows the /sdC^^sd) (I-V) of 
a multi-layer CF device at selected temperatures in the 
range of 1.6 K < T < 300 K. /sd(^sd) is highly non-linear 
at large V^d and decreases rapidly with decreasing tem- 
perature. These I-V curves are reproducible in forward 
and backward Vgd sweeps without hysteresis. Fig. |3|b) 
plots /sdC^sd) in the range of -0.1 V < Fgd < 0.1 V at 
different temperatures, /sd(^sd) is approximate linear 
in this regime, the slope of which yields the zero-bias 
differential resistance Rq =dV'sd/d/sd- Ro{T) measures 
approximately 30 GQ at 250 K and increases with de- 
creasing temperature, reaching 790 GQ at 100 K. The 
same measurement setup without the sample displays an 
ohmic leakage resistance of approximately 1.8 TQ in the 
whole range of Vsd shown in Fig. [3]^ a), which fluctuates 
slightly at different temperatures (0.2 TQ). This leak- 
age resitance produces a parallel conduction path and 
has been taken account to obtain the value of Rq. The 
large resistance of the CF device, its T-dependence and 
non-linear I-V all point to a strongly insulating behavior, 
consistent with a large band gap. 

In a simple band insulator, Rq follows an activated T- 
dependence Rq cx exp(— A/2/cbT), where A is the band 
gap. To test this behavior, we plto Ro{T) vs 1/T in the 
inset of Fig. IsFc) in a semi- log plot. While the high-T 
data may be described by the exponential T-depedence, 
A = 68 meV extracted from the fit is much smaller than 
the expected A ~ 3.5 eV. Moreover, deviation from this 
exponential T-dependence is evident below 200 K. Inter- 
estingly, such T-dependence strongly resembles observa- 
tions in disordered two-dimensional electron gas in sili- 
con inversion layers, when the Fermi level lies in the band 
tail of the conduction band populated by localized impu- 
rity states. There, instead of thermal activation, carriers 
conduct by hopping through neighboring sites or through 
longer distances with the assistance of phonons (variable- 
range hopping) [241 ES] • Such a mechanism is quite con- 
ceivable in our CF samples, where islands of graphene 
may remain as a result of incomplete fluorination, giving 
rise to localized mid-gap states. This hypothesis is sup- 
ported by DFT calculations shown in Fig. IsFd), where 
we plot the density of states (DoS) of a partially fluori- 
nated monolayer graphene fluoride CF0.5. In this simple 
scenario, 50% of the fluorine atoms are randomly miss- 
ing. As a result, the p^ orbitals of sp^ bonded carbon 
atoms produce finite a DoS inside the band gap of CF. 
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FIG. 3. (color online) (a) I-V characteristics of a multi- layer graphene fluoride sample at selected temperatures as indicated in 
the figure. Inset: the optical image of the sample with the source and drain electrode marked. The graphene fluoride sheet is 
outlined in dotted lines. The channel is approximately 1 /x m from source to drain (center to center). Scale bar is 1 /i m. (b) 
I-V curves of the same sample near Vsd^OV. From top to bottom: T = 250 K, 225 K, 200K, 175 K, 160 K, 125 K, 100 K. (c) 
Semi-log plot of the zero-bias differential resistance Rq vs. T~^^^ of the sample in (a). Inset: Semi-log plot of Rq vs. T~^ . (d) 
The DoS for a random configuration of fluorine atoms attached to graphene at a 50% concentration. Spin down is shown as 
negative values. The mid-gap states correspond to the p^ orbit als from the carbon atoms not attached to fluorine. The DoS of 
CF (dashed line) is shown as a reference. The Fermi level is used as zero energy. 



These states can participlate in the conduction via hop- 
ping mechanisms. We expect this scenario to be applica- 
ble in partially fluorined multi-layer graphene fluoride as 
well. 

To test the validity of the variale-range hopping ( VRH) 
model, we plot i?o vs. T~^/^ of the CF sample in Fig. |3| 
(c). The linear trend shows that Rq (T) is well described 
by the exp[(To/T)^/^] functional form corresponding to 
VRH conduction in two dimensions [24 . Although other 
exponents cannot be ruled out by the data itself, we note 
that due to their thickness (6-10 nm) our samples are 
well into the 2D regime even at room temperature so a 
2D exponent is reasonable. We extract Tq = 1.9 x 10^ 
K from the linear fit in Fig. [s] (c) . The applicability of 
the VRH scenario is further justified by noting that Tq 
is much greater than our measurement temperatures [24]. 
The large Tq is consistent with the large resistance of CF 



samples and attests to the high degree of fluorination. In 
comparison, a similar analysis of hydrogenated graphene 
produces a Tq of ~ 250 K[13 . 

Although VRH model provides a consistent and satis- 
factory description of our data, given the large band gap 
of CF, the formation of Schottky barriers at the metal- 
CF interface and the contribution of contact resistance 
to the overall reistance of CF samples cannot be ruled 
out. In the literrature, Schottky barrier has been used 
to account for the resistance of graphene-graphene oxide 
juntions[9]. If Schottky barriers dominated in our sam- 
ples, the exponential T-dependence at high T in the inset 
of Fig. |3jc) would yield an estimated barrier height of 68 
meV. This small barrier height cannot account for the 
large resistance observed in our samples. We therefore 
conclude that although it is possible that both Schottky 
contacts and hopping conduction coexist in our CF sam- 
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FIG. 4. (color online) AFM images of the same sheet of fluo- 
rinated HOPG exfoliated on Si02 substrate before (left) and 
after (right) annealing in H2/Ar gas. The traces below the 
images correspond to the line cut across the sheet. 

pies, the majority of the resistance comes from the bulk. 
In the literature, little is known about the alignment of 
CF bands with those of metals. In our samples, the po- 
sition of the localized states in the band gap of CF plays 
an important role in determining the contact resistance 
as well. A clear understanding of these aspects of the 
material is necessary to give a comprehensive account of 
transport in CF but is not available at the moment. We 
hope that our work will inspire more future studies on 
this material, which will further clarify this issue. 

It is clear from the above measurements, however 
that a large gap exists in CF. It is therefore possible 
to use fiuorination as a tool to create nonlinear, digi- 
tal elements and form interconnects in a graphene cir- 
cuit. Combined with patterning, graphene nanochannels 
surrounded by insulating CF may be created as an al- 
ternative to nanoribbons. Adding to the flexibility of 
this approach, we now demonstrate the reversibility of 
the fiuorination reaction by regenerating graphene from 
graphene fluoride. In the literature, CF is shown to be 
stable in vacuum up to 500 °C. The reduction of CF in 
the presence of H2 starts to occur at 300 °C211 [22] • 
To remove fluorine, we anneal our CF samples in a mix- 
ture of flowing Ar/H2 (90%/10%) at 500-600° C for 5 
hours [26l [27]. H2 reacts with CF to produce graphene 
and HF, the latter being carried away by the gas flow. 
Fig. [4] shows the AFM images of the same CF sheet ex- 
foliated on Si02 before and after the annealing process. 
Both the height and the surface roughness of the sheet 
decrease significantly after annealing process, suggesting 
the removal of fluorine. The reduction of SP-1 graphite 
powder is accompanied by a color reversal from white to 
dark gray. XRD data show that reduced SP-1 graphite 
fluoride exhibits an inter layer spacing of 3.38 A and an 
in-plane lattice spacing dioo= 2.1 A(Fig. [2]and Table 1). 
Both values are in very good agreement with those of 
graphite, attesting to the effectiveness of the defluorina- 
tion process. 
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FIG. 5. (color online) (a) I-V characteristics of reduced 
graphene fluoride (solid) in contrast to CF (dashed), hd of 
reduced CF has been reduced by a factor of 1000 to fit the 
scale, (b) Sheet resistance vs backgate voltage Vg of a re- 
duced CF sample showing a charge neutrality point at Vg = 
24 V with a maximum resistance of 56 kQ. T=130 K. Inset: 
typical multi-terminal reduced CF device on Si02 /doped Si 
substrate. The edge of the piece is outlined in dotted line. 
The scale bar is 4 /i m. (c) The sheet resistance p (T) vs. 
ln(T) of a reduced CF sample in the temperature range of 5 
< T < 300 K. The red dashed line is a guide to the eye. The 
arrow indicates 40 K. IC = V. 



Multi-layer sheets (3-8 nm) are exfoliated from reduced 
HOPG fluoride crystals to Si02 /doped Si substrates and 
made into field effect transistors using lithographic tech- 
niques described earlier. The I-V curve of a reduced CF 
sample exhibits ohmic behavior with a resistance of ~ 
130 kQ at 300 K, which is approximately 5 orders of 
magnitude smaller than that of the CF device shown in 
Fig. [SJ^a), plotted here as a dashed line for comparison. 
Four-terminal measurements are carried out on devices 
such as shown in the inset of Fig. |5|b) using standard 
low-frequency lock-in techniques with an excitation cur- 
rent of 50-200 nA. Fig. [5|b) shows the sheet resistance 
p vs. the backgate voltage Vg of a reduced CF sample, 
where a maximum of 56 kl^/D is reached at Vg=24 V. 
The sheet resistance is generally below 100 kQ at 300 K 
and is smaller than the resistance of graphene reduced 
from GO, which are generally in the MQ range [6, 7 . We 
attribute the reasonably high conductivity of reduced CF 
to the crystalline nature of graphene fluoride. Reduced 
CF, however, is still ~100 times more resistive than pris- 
tine graphene exfoliated from bulk graphite. The broad 
XRD peaks of CF and reduced CF shown in Fig. [2] sug- 
gest that defects are created in the fluorination/reduction 
processes, possibly due to the high temperatures involved 
(600 °C). This may have been the major reason behind 
the loss of conductivity in reduced CF. We also cannot 
rule out the possibility that the reduction process may 
not have been complete. 

The T-dependent sheet resistance p{T) of a reduced 
CF device is given in Fig. [51(c). p{T) increases from 60 kQ 
at 300 K to 270 k^ at 7 K. Unlike reduced GO[7l[l0], its 
T-dependence cannot be described by the VRH model. 
Empirically, it follows an approximate InT dependence 
for 40 < T < 300 K and becomes more strongly T- 
dependent at lower temperature. The occurance of the 
transition is consist with its relatively low resistance. A 
detailed understanding of the conduction mechanism will 
be addressed in future studies. 



CONCLUSION 

In summary, we present the synthesis, structural and 
electrical properties of multi-layer graphene fluoride, a 
two-dimensional wide bandgap semiconducting material 
derived from graphene. We demonstrate that fiuorina- 
tion and reduction reactions can reversibly modify the 
conductivity of graphene by many orders of magnitude. 
Our initial results show that crystalline graphene fluo- 
ride can be synthesized. It has a large band gap and 
exhibits strongly insulating transport while graphene re- 
generated through its reduction exhibits reasonably high 
conductivity. This method complements the existing 
chemical routes towards band structure engineering of 
graphene. With suitiable fluorine-resistant and/or heat- 
resistant substrates and electrodes, spatially selective flu- 



orination and reduction may be carried out on graphene 
and graphene fluoride devices, offering the opportunity to 
craft functional elements in a graphene circuit. As a wide 
bandgap material, graphene fluoride may lead to electro 
optical applications. These opportunties, as well as the 
improvement of the crystal quality, will be explored in 
future experiments. 

We are grateful for helpful discussions with Tom Mal- 
louk and Greg Barber and technical assistance from Mark 
Angelone. This work is supported by NSF MRSEC 
DMR-0820404, NSF CAREER DMR-0748604 and the 
American Chemical Society Petroleum Research Fund. 
The authors acknowledge use of facilities at the PSU site 
of NSF NNIN and the Penn State Materials Simulation 
Center. 



[1] 

[2] 
[3] 

[4] 

[5] 

[6] 
[7] 



[8] 
[9] 

[lo; 



[11 
[12; 

[13; 

[14 

[is; 

[16; 

[17; 
[is; 



M. Han, B. Ozyilmaz, Y. Zhang, and P. Kim, Physical 

Review Letters 98, 206805 (2007). 

X. Li, X. Wang, L. Zhang, S. Lee, and H. Dai, Science 

319, 1229 (2008). 

Z. Chen, Y. Lin, M. Rooks, and P. Avouris, Physica E: 

Low-dimensional Systems and Nanostructures 40, 228 

(2008). 

S. Stankovich, D. Dikin, G. Dommett, K. Kohlhaas, 

E. Zimney, E. Stach, R. Piner, S. Nguyen, and R. Ruoff, 

Nature 442, 282 (2006). 

S. Stankovich, D. Dikin, R. Piner, K. Kohlhaas, A. Klein- 

hammes, Y. Jia, Y. Wu, S. Nguyen, and R. Ruoff, Carbon 

45, 1558 (2007). 

S. Gijie, S. Han, M. Wang, K. Wang, and R. Kaner, Nano 

Lett. 7, 3394 (2007). 

C. Gomez- Navarro, R. Weitz, A. Bittner, M. Scolari, 
A. Mews, M. Burghard, and K. Kern, Nano Letters 7, 
3499 (2007). 

R. Ruoff, Nature Nanotechnology 3, 10 (2008). 

X. Wu, M. Sprinkle, X. Li, F. Ming, C. Berger, and 

W. de Heer, Physical Review Letters 101, 026801 (2008). 

A. Kaiser, C. Gomez- Navarro, R. Sundaram, 

M. Burghard, and K. Kern, Nano Letters 9, 1787 

(2009). 

J. Sofo, A. Chaudhari, and G. Barber, Physical Review 

B 75, 153401 (2007). 

S. Ryu, M. Han, J. Maultzsch, T. Heinz, P. Kim, 

M. Steigerwald, and L. Brus, Nano Letters 8, 4597 

(2008). 

D. Elias, R. Nair, T. Mohiuddin, S. Morozov, P. Blake, 
M. Halsall, A. Ferrari, D. Boukhvalov, M. Katsnelson, 
A. Geim, and K. Novoselov, Science 323, 610 (2009). 
K. Mkhoyan, A. Contryman, J. Silcox, D. Stewart, 
G. Eda, C. Mattevi, S. Miller, and M. Chhowalla, Nano 
Letters 9, 1058 (2009). 

J. Charlier, X. Gonze, and J. Michenaud, Physical Re- 
view B 47, 16162 (1993). 

H. Morkoc, S. Strite, G. Gao, M. Lin, B. Sverdlov, and 
M. Burns, Journal of Applied Physics 76, 1363 (1994). 
H. Touhara and F. Okino, Carbon 38, 241 (2000). 
V. Khabashesku, W. Billups, and J. Margrave, Accounts 
of Chemical Research 35, 1087 (2002). 



[19] Y. Lee, Journal of Fluorine Chemistry 128, 392 (2007). 

[20] K. Worsley, P. Ramesh, S. Mandal, S. Niyogi, M. Itkis, 
and R. Haddon, Chemical Physics Letters 445, 51 (2007). 

[21] N. Watanabe, N. Tsuyoshi, and H. Touhara, Graphite 
Fluorides (Elsevier, 1988). 

[22] T. Enoki, M. Endo, and M. Suzuki, Graphite Interca- 
lation Gompounds and Applications (Oxford University 
Press, 2003). 

[23] Y. Sato, K. Itoh, R. Hagiwara, T. Fukunaga, and Y. Ito, 
Carbon 42, 2897 (2004). 



[24] N. Mott, M. Pepper, S. Pollitt, R. Wallis, and C. Adkins, 
Proceedings of the Royal Society A 345, 169 (1975). 

[25] D. Tsui and S. Allen, Physical Review Letters 32, 1200 
(1974). 

[26] N. Kumagai, M. Kawamura, H. Hirohata, K. Tanno, 
Y. Chong, and N. Watanabe, Journal of Applied Elec- 
trochemistry 25, 869 (1995). 

[27] Y. Sato, H. Watano, R. Hagiwara, and Y. Ito, Carbon 
44, 664 (2006). 



